In this paper, polyimide-graphite (PG) composite was prepared and used as a solid lubricant at elevated temperatures. PG composite was characterized by X-ray diffraction, and its thermal stability was evaluated based on thermogravimetric/differential thermal analysis and Fourier transform infrared spectrometry analysis. The results show that in PG composite, there was some interaction between the graphite (GR) and the polyimide (PI) matrix. Consequently, the PG composite exhibited better thermal stability than PI. The friction behavior of the PG composite sliding against steel at elevated temperatures (300-600°C at an interval of 100°C) was evaluated with a ring-on-ring tribometer. It was found that the PG composite exhibited excellent friction-reducing ability and good load-carrying capacity in the temperature range of 300-600°C and applied loads of 300-700 N. Moreover, this excellent lubricating performance of the PG composite might be attributed to its good thermal stability as a result of the interaction between the GR and the PI matrix. Therefore, PG composite could be used as an excellent solid lubricant under the high-temperature conditions.
Introduction
Lubricants and lubrication technology play key roles in reducing friction and wear of mechanical components, thereby ensuring their long-term safe operation and reliability [1] [2] [3] [4] . Commonly, mineral oils [5] , vegetable oils [6] , and synthetic oils [7] were used as lubricants. However, these liquid lubricants are not suitable for the hightemperature conditions because most of them begin to degrade above 350°C. Even some solid lubricants, such as graphite, begin to fail above 350°C [8, 9] . Therefore, it is very interesting to develop new lubricants that can be used under elevated temperature conditions.
Recently, many researchers have paid special attention to polymer matrix composites because of their excellent mechanical and physical properties, such as high thermal conductivity, good ductility, high shearing strength, high elasticity, and good friction-reducing and antiwear abilities [10] [11] [12] . In particular, polyimide (PI), serving as a kind of polymer matrix, had been attracting more and more attention because of its good lubricating performance [13] [14] [15] . Unfortunately, PI is liable to be oxidized at high temperatures, and it decomposes above 550°C, which seriously restricts its applications in the field of high-temperature lubrication [16] . To solve these problems, many researchers have conducted a lot of studies. It is generally accepted that the improvement in the good lubricating performance of PI is based on the incorporation of polymer matrix and inorganic fillers such as nanoscale clay powder [17] , short carbon fiber, micron SiO 2 [18] , CaCO 3 [19] , kaolin [20] , graphite [21] [22] [23] , and so on. It is worth noting that graphite (GR) is an interesting lubricating material that has been widely applied in industrial fields [8, [24] [25] [26] . Despite these encouraging results, there are few studies which report using polyimidegraphite (PG) composite as a lubricating material combined with the interesting properties of PI and graphite. As far as we know, it is more rarely reported that PG was used as a lubricating material under the high-temperature conditions.
Here, keeping in view the interesting properties of both PI and GR, a new composite material, i.e., the PG composite, was synthesized. This composite material was prepared and characterized by means of X-ray diffraction (XRD), thermogravimetric/differential thermal analysis (TG/DTA), and Fourier transform infrared spectrometry (FTIR). The friction behavior of the PG composite, which was used as a solid lubricant, was systematically investigated under high-temperature conditions.
Materials and methods

Materials
Polyamide acid (PAA) (10 wt%) was provided by the Hubei Institute of Chemistry (Wuhan, China). GR powder was purchased from Dengfeng Chemicals Company Limited (Tianjin, China). GR powder was sieved using a 200-mesh sieve (particle size < 75 μm). All other chemical reagents were used as received without further purification.
Preparation of the PG composite
The typical procedure for preparing PG composite was as follows. First, 0.2 g of GR powder was added into 2 g of PAA solution with stirring for 30 min. Then the mixture of PAA-GR dispersion was cast onto a glass slide and then gradually heated to 320°C in a furnace for 2 h to allow imidization of PAA and to generate PG composite (here the mass ratio of PI to GR was 1:1).
By contrast, PI was also prepared with the same preparation processes as that of PG composite except that no GR powder was introduced.
Characterization of GR, PI, and PG composite
Phase analysis of samples was performed by XRD (X'Pert PRO, PANalytical B.V., Holland) at a scan step size of 0.0167° in the scan range of 2θ = 10°-35°. The chemical structure of samples was analyzed by FTIR (Equinox 55, Bruker Corporation, Germany) with a resolution of 0.4 cm -1 . Thermogravimetric and differential thermal analyses (TG/ DTA, Diamond TG/DTA, PerkinElmer Instruments, USA) were conducted with a thermal analysis system in air at a heating rate of 5°C/min.
Friction test
Friction tests were conducted on an MG-2000B type hightemperature friction and wear tester produced by Xuanhuakehua testing machine manufacturing company limited (Zhangjiakou, China). A schematic diagram of the ring-on-ring friction and wear tester is shown in Figure 1 . The friction tester is connected to a computer through a group of sensors so that the temperature inside the furnace, the sliding velocity, the load, and the friction torque can be automatically monitored and displayed on the monitor. The frictional pair comprises self-mated AISI-321 steel upper ring (inner diameter, 54 mm; outer diameter, 66 mm) and lower ring (inner diameter, 52 mm; outer diameter, 67 mm). Before the ring-on-ring friction tests, solid lubricants (GR, PI, and PG composite) were deposited on the lower steel ring. The deposition process of PI and PG composite is discussed in Section 2.2, where the substrate was AISI-321 steel. GR was deposited on the steel substrate as follows. First, the GR dispersion was prepared by homogeneously mixing GR powder, methylcellulose, and distilled water. Then the above-mentioned dispersion was cast onto the substrate and then gradually heated to 180°C in a furnace for 2 h.
The ring-on-ring friction tests were conducted under elevated temperatures of 300-600°C for a period of 5.2 min at a rotary velocity of 200 rpm, normal load ranging from 300 to 700 N. Friction coefficient is automatically provided by the computer, and the sliding time at which the friction coefficient sharply rises is recorded as the antiwear life of tested lubricating materials.
Results and discussion
Characterizations of the as-received GR, PI, and PG composite by XRD
The XRD patterns of the as-received GR, PI, and PG composite are shown in Figures 2 and 3 , respectively. Figure 2A shows that the as-received GR contained both virgin GR and Ga-sulfanilamide. GR is a kind of layered material characterized by covalent bonds between the carbon layers and the van der Waals interaction between successive carbon layers. This makes it feasible to obtain expandable GR (e.g., Ga-sulfanilamide), which can be doped by atoms or molecules between the carbon sheets [27, 28] . PI showed amorphous structure according to the XRD pattern ( Figure 2B ). Moreover, the PG composite showed a similar XRD pattern ( Figure 3) to that of the as-received GR, but the peaks of Ga-sulfanilamide in PG composite shifted toward low diffraction angles compared with those in the as-received GR, which is possibly attributed to some kinds of interactions between the GR and the PI matrix [29] . Furthermore, we Table 1 . It shows that the lattice spacing of Ga-sulfanilamide in PG composite tended to increase to some extent compared with the lattice spacing of Ga-sulfanilamide in the as-received GR, and the maximum variation of 0.05 Å appeared around 2θ = 12.4°. This illustrates that there must be some interaction between the as-received GR and the PI matrix, leading to changes in the microstructure of PG composite.
Thermal stability of PI and PG composite
The TGA/DTA curves of PI and PG composite are shown in Figure 4 . It shows that PI and PG composite had the first stage decomposition temperature (T d ) of 550°C and 501°C, respectively. Here, PG composite showed a lower decomposition temperature than PI, which might be due to the interaction between GR and PI matrix [30, 31] . Besides, when the temperature was higher than 600°C, PI was almost completely decomposed and oxidized, whereas PG composite only lost 30% of its weight at 600°C. This illustrated that PG composite exhibits better thermal stability than PI as a result of the interaction between the GR and the PI matrix. This also can be confirmed by the FTIR spectra of PI and PG composite shown as follows. Figure 5 shows the FTIR spectra of PI and PG composite, where the FTIR spectra of heat-treated PI and PG composite (500°C for 30 min; corresponding samples are denoted as PI-500 and PG-500) were also provided for comparisons. The peaks at 1350, 1500, 1720, and 1780 cm -1 were assigned to the characteristic functional groups of PI [32], and they disappeared after heat treatment at 500°C. This means PI was completely decomposed after it was heated at 500°C for 30 min. In the meantime, the peak of PI at 1010 cm -1 also disappeared after 30 min of heat treatment at 500°C, but PG composite retained this peak even after 30 min of heat treatment at 500°C. This implies that the PG composite exhibits better thermal stability than PI. As a result, as what can be expected and will be discussed later, changes was caused in the friction behavior of PG composite as compared with that of PI. Figure 6 shows the effect of temperature on the friction coefficients of PI, GR, and PG composite at 300 N. It is seen that in the selected range of test temperatures, PI always exhibited the highest friction coefficient and the largest friction coefficient fluctuation among the three kinds of tested materials (the friction coefficient of PI at 600°C could not be measured because of its nearly complete pyrolysis at this temperature), whereas PG composite always had the lowest friction coefficient and the minimum friction coefficient fluctuation. Generally, as the temperature rises, the lubricants will tend to gradually fail owing to their decomposition and/or oxidation at elevated temperatures. As shown in Figure 6 , at 300°C and 400°C, the lowest values of friction coefficients of PI were < 0.08. However, its friction coefficient fluctuation at various temperatures was too large, and it almost failed completely at above 500°C, owing to its susceptibility to degradation and decomposition at above 500°C. In the whole range of friction coefficients at this temperature. PI exhibited lower friction coefficient than GR during the initial 2 min of sliding, but its friction coefficient began to increase after sliding for approximately 2.5 min, and it sharply increased after sliding for approximately 3.5 min, which is possibly due to accelerated pyrolysis of PI at extended sliding duration under elevated temperature (400°C). GR exhibits lower and more stable friction coefficient than PI, which is attributed to its inherent good solid lubricity. Advantageous over PI and GR, PG composite exhibits the lowest and most stable friction coefficient in the whole sliding duration. This means that PG composite may have integrated the advantages of both PI and GR, thereby showing the best friction-reducing abilities. Figure 8 shows the variation of the friction coefficients of PI and PG composite with sliding time under the temperature of 400°C (A: 500 N applied load; B: 700 N applied load). GR lubricant failed too soon (several seconds) after sliding under 500 N and 700 N; thus, its friction coefficient-sliding time curve was not shown here. However, PI failed after sliding for approximately 1.75 min under 500 N, and it virtually failed very soon after sliding under 700 N. Interestingly, PG composite retained very low and had stable friction coefficient in the whole sliding process under both 500 N and 700 N, which means it possesses good load-carrying capacity as well as excellent friction-reducing ability and could be use as an advanced high-temperature solid lubricant. Generally, the friction coefficient is highly related to the contact stress, and the continuous sliding of the frictional pair would result in temperature increase in the sliding surfaces, thereby accelerating the thermal degradation and/or decomposition of polymer matrix even below the pyrolysis test temperatures, PG composite exhibited good frictionreducing ability. Namely, its average friction coefficient in the temperature range of 300-500°C was < 0.10, its minimum friction coefficient was always around 0.05, and its friction coefficient is lower than 0.13 even at 600°C. The friction coefficient of GR, regardless of test temperatures, is moderate and lies in between. This implies that GR and PI matrix seem to exhibit some kind of synergistic frictionreducing effect, which might be attributed to the interactions between the GR and the PI matrix. Figure 7 shows the variation of the friction coefficients of PI, GR, and PG composite with sliding time at 400°C and applied loads of 300 N. The friction coefficients at 400°C were discussed as representative examples because the three kinds of tested materials exhibited the lowest temperature. In addition, the greater the contact stress, the larger the friction force and friction-induced heat. As a result, the friction-reducing abilities of PI tend to decline with the increasing applied load. However, such a frcitioninduced heat effect associated with rising normal load has insignificant influence on the tribological properties of PG composite because of its better thermal stability than PI as a result of interactions between the GR and the PI matrix. In other words, under elevated temperature, the PI matrix and the GR may undergo chemical reactions to generate new species that may increase the thermal stability of PG composite, thereby leading to reduced friction and increased friction-reducing ability as well as loadcarrying capacity of PG composite.
Friction behavior of PI and PG composite
Conclusions
The PG composite was successfully prepared using PAA and GR. In the PG composite, there was some interaction between the GR and the PI matrix; therefore, PG composite exhibited better thermal stability comparing with PI. Moreover, PG composite exhibited excellent frictionreducing abilities and good load-carrying capacity in the temperature range of 300-600°C and applied loads of 300-700 N. This excellent lubricant performance of PG composite might be attributed to its good thermal stability as a result of the interaction between the GR and the PI matrix. Hence, PG composite could be used as an advanced high-temperature solid lubricant.
